This review addresses the use of computational fluid dynamics for the interpretation and preservation of heritage. Fluid dynamic simulations in the heritage field focus mostly on slow air movement in indoor spaces and they usually involve temperature and humidity. Simulations have different roles: they may be exploratory, they may be used to support preventive conservation and occasionally they aid historical or archaeological interpretation. The research questions rarely involve testing or development of new mathematical formulations; instead, existing computational models are used as a means to help solve practical issues. Computationally, the simulations are typically steady-state and they always use a turbulence model. Experimental validations against measured data are uncommon and there is a need for the production of benchmarking cases and the publication of experimental data. Further research is needed in order to explore suitable approximations to the simulation of change in the time-scale of months or years, low turbulence flows for which current mainstream turbulence models are ill-suited, and new mathematical formulations for near-wall transport phenomena.
Introduction
Computational fluid dynamics (CFD) involves the calculation of fluid flows and their interaction with solids. Most historic materials are surrounded by a fluid, mostly air, in rare occasions water, sometimes a solid with a certain water content. It is widely acknowledged that air transports many of the agents of deterioration of concern for preventive conservation: heat, water in vapour phase, aerosols, spores and gaseous pollutants, as listed by Michalski [1] . Light, whilst aiding chemical reactions, also has heat generation as a by-product. Undoubtedly, the interaction of materials with agents of change does not only involve chemical reaction, but also some form of transport phenomena of matter and energy, between the fluid and the material it surrounds. In some instances the fluid motion is laminar, such as an air plume over a hot surface, in others turbulent, such as drafts in a historic house. All these processes can be described by CFD.
For the reasons above, computational fluid dynamics has been used for many years to interpret fluid motion in heritage contexts. Here we understand fluid dynamics as the scientific discipline that studies flows. The adjective "computational" refers to the methods of solving the equations that describe fluid motion in complex systems (i.e. too complex to be solved without a computer). This review uses some technical concepts that are specific to CFD. For an overview of the foundations of fluid dynamics, readers may refer to the classic textbook by Batchelor [2] . The development of this discipline is linked to the evolution of computation capacity and therefore it became widespread with the advent of affordable computers [3] . It was first applied to buildings and then to historic buildings, with some delay: The oldest paper cited in this review dates back to 1999 [4] .
The use of CFD in historic buildings is preceded by the use of building energy simulations. Its application in ordinary buildings as well as those in the cultural heritage sector was reported at a Building Environmental Performance Analysis Club Seminar, RIBA London on 9 June 1994 by May Cassar in "Design Criteria for the Museums and Galleries Environment". This report identified the challenges and opportunities of simulation and described building projects that included simulations of energy and moisture transfer that were realised for organisations including Tate Gallery, St Ives; Tate Modern; Lady Lever Art Gallery, Liverpool; the Gas Hall, Birmingham, amongst others. The design advice included new totally passive museum buildings as well as the refurbishment of many existing museum Open Access *Correspondence: josep.grau.bove@ucl.ac.uk 1 Institute for Sustainable Heritage, University College London, London, UK Full list of author information is available at the end of the article buildings with conventional HVAC (Heating, Ventilation, and Air Conditioning) systems that were seeking to evaluate environmental performance options. Since then, the number of publications and applications has been rising steadily, as shown in Fig. 1 , which shows the number of articles identified in this review. The scope of the research has diversified, expanding beyond buildings to cover all kinds of fluid motion in and around heritage spaces.
Even though fluid dynamics has been used notably in the field of heritage, there has not been until now any attempt to review the existing research. There have not been, in fact, any events, conferences or other academic initiatives that could act as fora for the definition of a shared research agenda. It seems, at a first glance, that the research efforts in this field have occurred in relative isolation. This review attempts to define this knowledge gap. We review the most significant research in fluid dynamics applied to heritage environments and materials, studying issues of model creation, set up and experimental validation. The purpose of the paper is to identify common themes, problems and research needs. The reviewed work has been published in varied outputs, ranging from conservation to engineering journals and including several conference papers. Of all the published papers that involve fluid dynamics and heritage (about 110), approximately half have been discarded for several reasons, the main one being a weak focus on heritage issues.
Uses of fluid dynamics
The subject of the majority of papers that describe fluid dynamic simulations in heritage is air motion (90% of the 60 or so papers reviewed in this article), most of which indoors (70%) and the rest outdoors (30%). The remaining papers deal with a diversity of topics, such as water movement in ancient hydrological structures [5, 6] .
The intent of CFD simulations in heritage is diverse. We have identified three loose categories of simulations according to their purpose. Firstly, we find the simulations that aim at obtaining a visualisation of air flow in an environment. Secondly, there are simulations that provide evidence for the historical interpretation of a site. Finally, there are simulations intended as an integral step of a design process, a conservation project or, more generally, that support decision-making. As we shall see, in all of these three categories we can find significant technological innovation, even though advancing the state of the art in fluid dynamics is rarely the main research objective of the reviewed articles. This was also a feature of the early building simulations of the 1990s which were undertaken in response to specific design questions and which were preceded by RH (Relative Humidity) and temperature monitoring campaigns.
Type 1: Air flow visualisation
As a general rule, obtaining the air flow pattern is the main objective of simulations of this type. Conservation implications are not necessarily part of the research. The simulations may be a tool to generate a hypothesis. They are motivated by very open research questions. For example, Balocco et al. [7] determined numerically the spatial distributions of temperature and humidity in the Salone dei Duecento of the Palazzo Vecchio (Florence, Italy). This research provides an understanding of two concepts (1) the dynamic behaviour of the environment and (2) a practical demonstration that this behaviour can be reproduced with simulations. These two are typical outputs of a large group of simulations.
The analysis of wind over the Giza plateau [8] , a very different geometry, has similar outcomes: it produces a simulation at an scale unprecedented in a heritage setting and concludes that CFD is a useful tool for similar problems. The simulations of Corbusier houses by RaquenaRuiz [9] also have the main purpose of understanding the role of aérateurs (ventilation holes) in the regulation of the environment, without further conservation or design objectives. Often, such exploratory simulations result in interesting insights on the dynamics of a historic environment. An interesting example is the simulation of Fig. 1 Number of articles per year, counting only the publications identified in this review using the key words "CFD" and "Fluid Dynamics", "Heritage", "Museums" and "Archaeology" in Google Scholar, Scopus and Science Direct. Most of the publications counted are cited in the review a shipwreck site by Smyth and Quinn [10] , who explain how the presence of the ship alters flow patterns.
Many more examples can be cited: the simulation of natural ventilation in a historic house in Palermo [11] , the simulation of air movement in a church and an art gallery in Prague (Czech Republic) [12] , wind over a historic Chinese settlement [13] , ventilation in vernacular Vietnamese structures [14] , or dust in the historic centre of the city of Najaf (Iraq) [15] . In all these cases, the visualisation of the flow is the main output. An outstanding example of an exploratory simulation is the research on the effect of ventilation and occupancy in the historic Palatina Library (Parma, Italy) [16] . As shown in Fig. 2a , this simulation illustrates environmental dynamics that would be difficult to observe using experimental approaches.
This category of studies identify or display the main environmental processes, demonstrate the use of CFD and offer evidence for further interpretation. Their main purpose is to produce a computational reconstruction of the fluid motion alone i.e. without comparative physical measurements of that environment.
Type 2: Simulations as historical evidence
This category uses the simulations as evidence to aid the interpretation of a site. The hypothesis or research questions are historical or interpretative and the simulation is used as additional evidence. The simulation of a 10th Century Spanish waterwheel [6] is not only a good example of this category but also one of the few instances where the simulated fluid is water instead than air. The authors use simulations of the interaction between the river and the wheel to estimate the range of operating velocities (0.91 to 1.01 m/s) and the flow levels required for a successful operation, as shown in the contours of velocity around the wheel in Fig. 2c . They conclude that the waterwheel would be operative for 124 days a year, with an additional 74 days if dams were used to regulate the channel. In a similar vein, the study of a historic watermill in Besalú (Catalonia) provides an estimation of its energy efficiency [5] which improves previous assumptions based on historical sources.
Simulations of water flows have also been successfully used to validate hypothesis on the principle of operation of ancient hydrological designs. For example, simulations of a water pipeline in Petra (Jordan) have show that its designers had advanced knowledge of fluid dynamics [17] . The inclination of the pipes is sufficient to promote the flow of water, but low enough to avoid pressure losses due to turbulence. Similar water supply systems have been simulated in Apamea (Syria) [18] and in the case of Minoan terracotta pipes [19] .
There are instances where ancient structures were created to induce certain air flow patterns. The simulation of warehouses in the ancient Roman ports of Portus and Ostia (Italy) is another case of historical evidence obtained through fluid simulations [20] . In this collaborative research, archaeologists provided different possible interpretations of the layout of the ancient warehouses based on the existing remains. The authors simulated the Fig. 2 The different uses of CFD. a The contours of velocity and temperature used to understand the behaviour of the environment in connection to occupancy in a library [16] , b shows the distribution of humidity used to aid decision making in a preventive conservation context [26] and c shows the profile of water velocity used to aid the historical interpretation of an ancient waterwheel [6] hypothetical designs in order to investigate which options were more suitable for food storage. The CFD simulations demonstrate conclusively that only the designs that include ventilation outlets in certain locations were likely to achieve appropriate storage conditions in the summer months, when the warehouses were in use. Huang et al. [21] simulate iron smelting furnaces in order to interpret the historical evolution of their design. Their research reveals the role of some design features, which improved air circulation. A Sri Lankan furnace is simulated by Tabor [22] . Similarly, a study of the Pitti Palace in Florence validates with simulations an hypothesis of the operation of the original ventilation system [23] . A CFD study of the Tjibaou Cultural Center (New Caledonia), rather than exploring a historical question, evaluates whether the intent of the architects is satisfied by the aerodynamic performance of the final design [24] .
Type 3: Simulations for preventive conservation
Finally, we find simulations that are used to support decision-making processes. These processes may consist of the design of ventilation systems, building layouts or urban plans and in some instances preventive conservation plans. Often, CFD is needed in order to explore design alternatives in systems that offer little flexibility for environmental control. A seminal example that sets the capabilities of the technology is the use of CFD in combination with monitoring and other simulation techniques to explore heating strategies for churches in the project Friendly Heating [25] .
One of the projects that can be considered as an exemplary use of fluid dynamic as a preventive conservation tool is the simulation of moisture dynamics in the crypt of the Lecce Cathedral (Italy) [26] . This study involves the simulation of air motion and moisture transport (including evaporation from walls) in a large, naturally ventilated space. An example of the moisture maps produced in this research can be found in Fig. 2c . Several features make this work stand out. Firstly, air velocity is experimentally validated-a key step which is further discussed in the following sections. Secondly, the simulations successfully inform the preventive conservation strategy with evidence that would have been difficult to obtain solely with experimental methods. Specifically, the simulations indicate which windows have a dominant effect on the presence of moisture in areas where it should be avoided and therefore can be used to choose those windows that should remain closed or be sealed. Fluid dynamics also plays a key role in the investigation of suitable ventilation strategies for the conservation of St. Martin church in Oberesslingen (Germany) [27] . This research aims at avoiding temperature gradients in the air volume surrounding the pipes of a historic organ. It is based on a sound discussion of the ideal thermal conditions for the conservation of pipe organs.
The analysis of hypothetical scenarios is one of the main ways in which CFD can be used in conservation. For example, it has been used to simulate aerosol deposition in indoor heritage under different scenarios of wind direction, and under different ventilation strategies [28] . Pineda and Iranzo [29] have simulated how several preservation strategies can reduce the erosion of stone columns. Their simulations include hypothetical future scenarios where protective walls are installed around a site. CFD has also has been used to investigate different directions of ventilation outlets in the Palazzo Madama (Turin, Italy) [30] in order to obtain good air mixing and stable temperatures. Occasionally, simulations are used as an investigative tool to find the causes of ongoing or existing damage in historic materials. In a study of drifting sand particles in the Mogao Caves (Dunhuang, China), the simulated near-wall air velocity was found to correlate well with the observed spatial distribution of deterioration [31] .
The three types of simulations of heritage environments identified in this section (As air-flow visualisation, as historical evidence, and for preventive conservation) share an interest in obtaining practical solutions. It is rare that simulations are carried out for purely developmental reasons, such as creating a new computational model for a specific conservation problem. Instead, research is almost exclusively driven by case studies and practical issues.
Relationship of the models with reality
The processes of change of interest in heritage environments take place generally over decades or years rather than hours or seconds [32] . Short term processes such as humidity or temperature fluctuations are usually a concern because of their long-term effects. The emphasis on long-term material change and the cumulative effects of rapid variations could be seen to be at odds with the nature of CFD, which is best suited for the simulation of short time-spans or steady state problems. There are, however, many ways to represent reality with CFD. The key is the choice of the time span represented by the simulations.
Time representation
There are fundamentally three ways of representing time in CFD, each with several variants. Some examples are shown in Table 1 , which is discussed in the following section. Firstly, the simulation can represent an unchanging state that is true for a certain period that could be infinitely long, which is known as steady state. Secondly, we find pseudo-transient simulations, which represent a series of steady state scenarios that approximate a continuous variation, for example, winter and summer conditions or monthly conditions. In other words, time steps that are significantly longer than the time that the system takes to reach steady-state conditions. Finally, there are transient simulations, which aim to resolve the equations for every time step of the evolution of the system. All these methods have been used in the simulation of heritage environments. When the simulations involve the design of a ventilation system, or the layout of a site, it is usual to use steady state simulations that represent the typical operating scenarios. Some simulations divide the year in two seasons [4, 30, 33] , some in three, such as winter, summer and intermediate seasons [34] and some use constant conditions during single months [35] . Steady state simulations usually represent any time period where boundary conditions can be considered constant. They may also represent design scenarios that are not associated with any time-span. For example, different combinations of open or closed windows [36] , different wind directions [8] or different positions of the ventilation inlets [27] .
Finally, we find transient simulations that approximate the evolution of a system. These simulations by nature must represent shorter time-spans, such as the evolution of indoor temperature distributions during a few hours [37] , half a day [38, 39] or a day [7] . A day is the longest time identified in this review for a transient simulation. On the one hand, transient simulations have the disadvantage of representing only a short period of time, which may limit the interpretation of the results. On the other hand, their main advantage is that the results can be easily compared with experiments, because it is generally easy to monitor during the simulated period. The transient simulation of air movement and moisture in the Palatina library (Parma, Italy) [38, 40] is an example of a successful validation with representative results. In this case, the transient simulations are validated using a 12 h dataset of temperature. Afterwards, the model is used to simulate several scenarios of ventilation and heating [16] .
Experimental validation
Only a quarter of the published simulations are experimentally validated. This is lower than other instances of the use of CFD. For example, a random sample of 50 CFD papers published in Building and Environment from 2010, reveals that 78% of the CFD simulations are experimentally validated. Most experimental validations in the heritage field consist of a pre-validation, i.e. a validation with similar data collected in the site of interest or elsewhere, which is used to gain confidence in the model before applying it to other scenarios. For example, one can validate a model in a small-scale lab experiment before simulating more complex geometries [41] . Validation is closely linked to the time representativeness of the simulations, because the data available for comparison often defines the length of time that simulations need to cover and vice versa. For this reason, some examples of both are summarised in Table 1 . Validation can be carried out with any of the parameters predicted by the models. The more parameters are used, the more aspects and equations of the model can be validated.
Temperature is the most common parameter used to compare simulations with reality. This is understandable: temperature is easy to measure in different locations simultaneously. It is also an indication of the thermal energy, which is a transported scalar in the computational models and as such, it can be used to validate the performance of the solution of the transport equations. Only two simulations are validated with measurements of velocity, which contrasts with the common practice in other fields. For example, in the simulation of wind in street canyons validations against velocity measurements are usual. Only three simulations are validated with spatially-resolved data. In a simulation of window frames [42] the measurements are of a vertical profile of temperature. Two building simulations are validated with measurements of temperature in different locations [43, 44] . In one instance, simulations of dust deposition have been compared with data of dust deposition in several rooms [28] . Comparisons with experimental data, common in other fields, are relatively rare in heritage.
Physical systems
Historic objects interact with many types of fluid motion, from moisture diffusion in a multi-layered painting to rain over a large outdoor sculpture. The reality is, however, that CFD simulations in the heritage context are concerned with a small subset of all the possible geometries and flow regimes. This section reviews the different physical systems that have been simulated using CFD.
Geometry and space
Rooms are the most usual subject of CFD studies in heritage. Figure 3 shows a histogram of the dimension of the computational domain used in the publications reviewed here. We calculate the size of the computational domain as the diagonal dimension (i.e. the distance between the two most distant vertexes), calculated as for two dimensional spaces and for three dimensional spaces, where x, y and z are the three dimensions of the smallest parallelepiped enveloping the whole geometry. The majority of the simulations (77%) have a dimension between 1 and 100 m, which corresponds to indoor spaces. The majority of these have a dimension between 10 and 50 m and they are halls, churches, exhibition spaces and galleries. Figure 4 shows some examples of the diversity of size-scales that have been simulated. These range from a metre to several kilometres. It is relatively rare (less than 5% of cases) that spaces smaller than 1 m are simulated. The cases reported here correspond to a study of evaporation of rising damp in a wall section of a historic building [46] , a simulation of a protective glass frame [37] and the erosion of a marble statue due to the impact of airborne particles [47] . There are no simulations of indoor micro-environments such as display cases, which have been successfully simulated in other areas of inquiry such as the case of refrigerated display cases for the food industry [48] . The performance of double-glazing is another small-scale process of interest to heritage that can be well described with CFD [49] . Another under-used application of CFD in heritage, is the simulation of the interaction between small objects and their surrounding environment. In the food industry, it is usual to use CFD to predict the drying rate of fruit [50] . These simulations could be directly translated to processes of water absorption in historic materials.
The largest heritage environments simulated with CFD range from hundreds of meters to several kilometres. This is the case of simulations of historic villages or city centres [13, 14, 51, 52] or large building complexes [8, 24] . These simulations are at the largest end of the spectrum of application of CFD. When working with geometries of several kilometres, the compromise between detail and computation time often implies that geometrical detail needs to be proportionally reduced. As a result, simulations larger than several kilometres are rare in the application of CFD in heritage sites.
In view of the evidence, it can be said that in heritage science CFD is predominantly being used as a tool for the simulation of indoor phenomena, with a few notable exceptions.
Field variables of interest
We have already seen that the vast majority of simulations involve air motion, with the exception of a few investigations of water flows [5] . In many instances, however, air is the carrier of other scalar quantities of interest. Less than a quarter of the reviewed papers is concerned exclusively with air motion. It is usual to simulate the distribution of temperature. The other most simulated parameter (26% of the publications) is relative humidity. Only a minority of articles involve a simulation of other scalars, such as particulate matter [38] or gaseous pollutants. These observations are summarised in Fig. 5 . The interaction between surfaces and pollutants is absent in heritage publications, while it has been successfully simulated in other fields. For example, CFD has been used to simulate the emissions of volatiles from building materials [53] . This approach would have clear uses in heritage spaces such as storage of plastics, where emission and deposition of volatiles can be of interest. The predominance of simulations of temperature and humidity may be explained by the predominant role of these parameters in many processes that affect heritage materials. Temperature has been simulated as a concern for materials, such a church organ preservation [27] , but also for human comfort [9] . Temperature is the key parameter in the design of sustainable heating strategies that minimise energy consumption while obtaining appropriate conditions, for objects and for occupants [43, 54] . The simulations of temperature often aim at obtaining a homogeneous environment (i.e. without sharp gradients), as in the work by Corgnati [30] . All the reviewed simulations of humidity focus on its transport through air, but not on transport towards or from walls (condensation, absorption or evaporation). The assumption that these transport phenomena are negligible is not usually justified, even though it can be understood from the context that they would not change the results significantly. One of the few examples of a CFD simulation of moisture transport through heritage materials is the simulation of the hydrothermal behaviour of a protective glass frame for paintings [37] . This work reports a model for the transport of moisture in air and within the porous elements of the frame. The model is experimentally validated in laboratory conditions before being used to simulate the frame of interest.
The general lack of transported quantities other than temperature in the literature may be due to the Fig. 4 Examples of different size scales. a Temperature inside a protective painting frame of less than 1 m [37] , b air velocity surrounding a historic organ in a space of less than 10 m in height [27] , c wind speed around a Mosque of a little less than 100 m in width [57] and d air pressure on the pyramids of Gyza in a site of several square kilometres [8] complexity of the models. Temperature, humidity (if it does not interact with surfaces) and gases (if they do not deposit) can be simulated with well-established equations for scalar transport, which are provided by default in many commercial codes (see, for example, [55] ). In order to simulate phenomena that involve some type of surface interaction (e.g. deposition, condensation, evaporation, adsorption or emission), the models need to be extended with estimations of boundary conditions or improved transport equations, which often require further research that falls outside the scope of many of the CFD studies of heritage environments.
Predicted velocities and their origin
The estimation of fluid movement is the main role of CFD models. The choice of mathematical models depends on the type of fluid motion. Diffusive or convective systems, high or low turbulence systems, should be simulated using different approaches.
The velocities of interest in indoor heritage spaces, draughts excluded, are low, below 0.5 m/s. Figure 6 shows the velocity ranges of the CFD output of all the articles reviewed (for simplicity, references are not provided in the Figure) . There are several general issues to consider. Firstly, the simulated velocities are usually too low for the sensitivity of common air velocity sensors. For example, a contemporary high sensitivity hot-plate sensor would be able to measure a minimum velocity of 0.1 m/s with an accuracy of 3.8% [56] . However, 30% of the reviewed simulations report values under this limit. This indicates a great difficulty of experimental validation. It may be one of the reasons why only two of the reviewed papers validate the simulations using measurements of air velocity.
Secondly, the CFD simulation of air flow motion requires the use of different models for laminar and turbulent flows. Given the low velocities indoors, some flows are usually below or very close to the threshold of turbulence. It should be highlighted that low turbulence is actually more problematic than high turbulence. The majority of turbulence models, and certainly all the models available in commercial codes, are prepared for very high turbulence levels. It is unclear how applicable these models are to the potentially low turbulence levels found in historic buildings, and yet these are the models that are commonly used. Using turbulence models when the flow is not turbulent can result in overestimations in the transport of heat and mass. Only the simulation of a protective painting frame by Steeman [37] , which leads to very small velocities (the geometry can be seen in Fig. 3a) , acknowledges that the flow field is laminar.
Sources of high velocity flows
The highest velocities, as expected, appear when wind plays an important role. For example, the study of wind around a minaret (Konya, Turkey) [57] in relation to its capacity to cool or heat its thermal mass, finds velocities between 0.4 and 1.6 m/s. The analysis of ventilation patterns in vernacular courtyards in la Havana (Cuba) finds velocities between 0.5 and 3 m/s [58] and the study of wind-driven particle collisions on the wall paintings of the Mogao Caves (Dunhuang, China), finds velocities between 0.2 and 1.5 m/s [31] . 
Sources of low velocity flows
Lower velocities have more diverse causes. A common source are temperature differences. The study of the Palatina Library (Parma, Italy), is an example of air motion generated by the presence of visitors [38] . In this case visitors are considered as an immobile source of thermal energy, which creates a vertical plume rise. In fact, introducing humans as static thermal sources is not an uncommon approach. In the field of building physics, occupants have been simulated in CFD either as simple cuboid geometries [59] and more recently with realistic human shapes [60] . One of the first applications of CFD to model a heritage space is the simulation of the Archaeological Museum of Athens [4] , where visitors were accounted for as a source of heat.
The inclusion of visitor movement is a very recent development [16] and its simulation and interpretation may still require further research. Specifically, the air motion caused by visitor motion needs to be experimentally determined. Models should also be able to reflect the variability in visitor behaviour. Another common source are ventilation inlets, which display initial high turbulence which reduces as the air moves away from the source. One example is the study of ventilation in a historic hall of the university of Wroclaw (Poland), where air inlets are located underneath the seats [61] . In this case the inlet velocity is 0.5 m/s and reduces to under 0.05 m/s in the areas further away from the air sources. The simulation of a design of ventilation around a church organ shows a similar decay of velocity, from 3 m/s at the input to a few centimetres per second in the spaces between the organ pipes [27] . This is a common feature of air motion indoors: after leaving the ventilation output, the air velocity decays by at least one order of magnitude, sometimes two, in a few meters, as seen in many of the reviewed articles [33, 62, 63] .
A notorious absence: turbulence and boundary conditions
When setting up a CFD simulation, the user has to make several choices regarding the mathematical equations that need to be solved. Some of the most important choices are: what type of turbulence model is used, how is the transport of other quantities (energy, pollutants, moisture) implemented and how does the model describe the interaction of these quantities with surfaces. The latter is a very notorious absence in the reviewed papers. It can be argued that the interaction between objects and environment is precisely the main interest of heritage scientists. However, the equations that describe this nearwall phenomena are never explicitly discussed.
Even though we have found a great variety of types of fluid motion, all of them are simulated with the same model. All the studied examples use the k − ε turbulent model, with very few exceptions: the simulation of a watermill uses k − ω [5] and a simulation of air conditioning in a museum uses a zero-equation model [64] . Only one article compares the performance of different turbulence models [27] . The predominance of the k − ε model may be explained because of the suitability of this model for the simulation of air flow in rooms. This model is frequently used for simulations of the built environment [65] and has been shown to produce acceptable results for low turbulence when it is combined with dampening functions [66] . However, the reviewed literature generally reports the use of the k − ε model with little or no justification.
The most used code to solve these equations is ANSYS Fluent, in approximately half of the papers, while the other half uses a great diversity of codes: Phoenics, Pardiso, Comsol, Star-CD, OpenFOAM, CFX or Design Builder. The predominance of Fluent is constant over the years. All these codes have similar core capabilities (they can solve fluid flow equations in laminar and turbulent conditions). Many of them, including OpenFoam, CFX and Fluent, are highly customizable with user-defined equations. However, most of the reviewed papers do not use this functionality.
Conclusions
The simulation of fluid motion in heritage is predominantly concerned with air motion, particularly indoors. We have observed that there are great similarities between the many published simulations: geometries tend to have a size between 10 and 50 m, the simulated fluid is typically air, mainly transporting thermal energy and humidity. The air motion is usually simulated as turbulent and k − ε is the model of choice to simulate turbulence. The research questions can be classified in defined groups: historical interpretation, exploration of the dynamics of an environment, and improvement of environmental design for preventive conservation.
And yet, despite this apparent homogeneity of objectives and methods, it seems unfitting to speak of this body of work as a well-defined scientific discipline. The reason may be that even if each publication is well aware of its scientific framework, they are not necessarily aware of each other. In other words, the simulations of heritage spaces emerge individually to resolve specific issues, but they do not share research questions or coordinate research efforts. However, many shared issues exist and they should become the basis of future investigations. In the view of the authors, the following research issues arise from the observations in this review:
• The time-scale problem There is a miss-match between the time-scales that are usually simulated (from hours to months) and the long-term nature of processes of change. Simply put, hourly variations that cause damage over years cannot be realistically simulated with the existing CFD technology. Researchers approach this issue in many ways: using representative conditions for long periods of time, or simulating change during a few hours. However, research is needed to find the appropriate time-scale for the variety of issues of interest for heritage science.
• The need for validation There is a need for more comparisons between simulations and real world data, collected in the simulated environment. The difficulties of this task in heritage environments are many: slow change, difficulty of monitoring, the uniqueness of the sites studied and their conditions. But there is scope for further research on the validation of CFD models. Firstly, since CFD aims at simulating the spatial distribution of a quantity, validations should also use spatially distributed data. Secondly, there is a need for the development of benchmark cases that can be used for the validation of models of a diversity of conservation issues, to be used when other types of validation are not possible.
• The low-turbulence problem Velocities indoors are usually low (under 0.1 m/s) and sometimes air flows may not be fully turbulent. Even though the k − ε model seems to provide acceptable results, there needs to be a critical reflection on the use of turbulence models in indoor heritage spaces. Further research is needed in the assessment of the levels of turbulence found indoors and the methods to model it.
• The near-wall problem In the authors' experience, the interest of heritage managers is not only on the value of transported quantities in the centre of rooms, but particularly on the value close to valuable surfaces. Despite the emphasis on the interaction between air and heritage materials, few published simulations include estimations of wall fluxes, such as evaporation or condensation of moisture or dust and gas deposition. This may be a valid assumption in many instances, but in any case it should be explicitly discussed. The implementation of such models will, additionally, require computational refinements close to surfaces that may differentiate heritage CFD models from other indoor simulations.
Towards best practice guidelines for heritage simulation
The quantity and quality of publications in this field has been increasing steadily during the last decade. There are several publications that set an example of the possibilities of CFD in heritage science. There is scope to develop guidelines on what should be considered best practice in the simulation of flows in heritage. Best practice guidelines exist for many CFD applications, for example, there are well-known guidelines for the simulation of flows in the urban environment [67] and indoor flows [68] . Future research should aim at establishing similar guidelines for CFD simulations in heritage contexts. As a first approximation, we have observed exemplary uses of CFD in heritage to fulfil the following criteria:(1) the simulations are experimentally validated, if possible in the environment of interest and if possible using spatially resolved data, (2) the authors critically assess the suitability of the boundary conditions, turbulence models and assumptions on the interaction with surfaces, (3) the authors report and assess the time-scale of the problem and its relationship with the real world and finally (4) the authors use conservation criteria in order to analyse the results and the usefulness of the model. Given the difficulties for experimental validation, it would be desirable that future publications report the experimental data in sufficient detail, in order to allow others to use the data for validation.
